In 95% of patients with pancreatic ductal adenocarcinoma, recurrence is observed following chemotherapy. Findings from several studies have indicated that cancer stem cells (CSCs) are resistant to anticancer agents and may be involved in cancer recurrence and metastasis. The CD44 protein is a major CSC marker, and CD44 also plays an indispensable role in the CSC properties in several cancers, including pancreatic cancer; however, no clinical approach exists to inhibit CD44 activity. Here, we have performed knock-in/knockdown experiments, and we demonstrate that the forkhead box O3 (FOXO3)/liver kinase B1 (LKB1)/AMP-activated protein kinase/peroxisome proliferator-activated receptor-␥ co-activator-1␤ (PGC-1␤)/pyruvate dehydrogenase-A1 pathway is essential for CD44 expression and CSC properties. We observed that patients exhibiting high pyruvate dehydrogenase-A1 expression have a poor prognosis. Systemic PGC-1␤ knock-out mice are fertile and viable and do not exhibit an overt phenotype under normal conditions. This suggests that cGMP induction and PGC-1␤ inhibition represent potential strategies for treating patients with pancreatic ductal adenocarcinoma.
Pancreatic ductal adenocarcinoma (PDAC) 3 is a cancer associated with a poor prognosis and has become the fourth most common cause of cancer-related mortality in developed countries (1) . Due to the lack of specific symptoms and the absence of an established screening approach for PDAC, most patients already exhibit the distant spread of cancer, and only a portion of patients are diagnosed with localized disease (2) . Moreover, even the patients who are diagnosed with only localized disease often experience a metastatic recurrence (2) . Therefore, systemic chemotherapy plays a central role in PDAC therapy.
Several strategies have been performed to improve chemotherapy for patients with the PDAC; however, they have achieved little success. Gemcitabine is a difluorinated nucleoside analog that has exhibited significant improvement in the median overall survival (5.7 versus 4.4 months) (3) . The phase III PRODIGE 4/ACCORD 11 trial demonstrated that FOLFIRINOX consisting of oxaliplatin, irinotecan, fluorouracil, and leucovorin could be a potentially novel treatment for pancreatic cancer. In that report, the median overall survival was 11.1 months in the FOLFIRINOX group compared with 6.8 months in the gemcitabine group; however, the 5-year survival period did not improve (4) . Collectively, the conventional therapeutic strategy has experienced difficulty in extending the long-term survival of patients with PDAC, and there is currently no potent therapeutic measure for the eradication of pancreatic cancer. Thus, the establishment of a novel therapeutic strategy is in high demand to improve the therapeutic situation of patients with PDAC.
Emerging evidence suggests that the capacity of a tumor to grow and propagate is dependent on a small subset of cells, known as cancer stem cells (CSCs). Moreover, a recent study suggested that CSCs are thought to play a pivotal role in cancer recurrence following chemotherapy and metastasis (5) (6) (7) . In addition, several studies have demonstrated that treatment with the anticancer agent gemcitabine enriched cancer cells with a significantly enhanced expression of the CSC markers CD44 (17-fold change) and CD24 (47-fold change) in PDAC (5) . Using an in vivo model, gemcitabine (one of the standard anticancer agents for PDAC treatment) was found to significantly inhibit the tumor growth of PDAC cells with low CSC marker expression; however, the same dose of gemcitabine failed to inhibit the increase in tumor volume of PDAC cells with high CSC marker expression (6) . Data from our previous study showed that the anticancer agents oxaliplatin and erlotinib increased CD44 expression in PDAC cells (8) . Consistent with these findings, a recent pathological study of 101 patients with PDAC also found that there was a correlation between the frequency of CD44 ϩ /CD24 ϩ double-positive cells and a poor prognosis (9) . In that study, patients with low CD44 ϩ /CD24 ϩ expression were associated with approximately a 30% 5-year median survival rate, which is a significantly better prognosis compared with patients exhibiting high CD44 ϩ /CD24 ϩ expression whose 5-year median survival rate is less than 10%. There is no currently established clinical approach to eliminate CSCs in patients with PDAC. Collectively, establishing an applicable approach for targeting CSCs could be a novel therapeutic strategy against PDAC.
The maintenance of pancreatic CSCs has been reported to involve several mechanisms, including Hedgehog and Wnt/␤catenin/Notch signaling pathways (10); however, these pathways are also critical for normal somatic stem cell homeostasis, and several inhibitors designed to block these pathways induce severe toxicity (11) . We have previously reported that cGMP, a second messenger that mediates the vasodilation and penile erection induced by sexual arousal, drastically inhibited the CSC properties of PDAC through the suppression of forkhead box O3 (FOXO3) (8) . We also confirmed that FOXO3 depletion is sufficient to suppress the CSC phenotype of PDAC cells. Although systemic Foxo3 KO mice exhibit accelerated follicular initiation, they were not associated with a prominent cancer-prone condition or decreased survival time compared with WT mice with the same background (12) . These findings suggest that FOXO3 may be an ideal target for eradicating CSCs in PDAC. Moreover, both direct and indirect cGMP induction is widely used for the treatment of erectile dysfunction, pulmonary hypertension, and cardiovascular disease and is therefore clinically applicable; however, little is known regarding the detailed molecular mechanisms of FOXO3-dependent CSC maintenance in PDAC.
In the present study, we revealed that FOXO3 and liver kinase B1 (LKB1), well established tumor suppressor genes, play a central role in CSC maintenance in PDAC. We also revealed that FOXO3 and LKB1 regulate both CD44 expression via PGC-1␤ and the CD44 expression signaling axis. Moreover, our data indicate that patients with high PDHA1 expression have a poor prognosis. We further confirmed that these molecules are overexpressed in CD44 ϩ cells. Together, these results provide evidence of the molecular mechanism of the cGMP-mediated inhibitory effect on CSCs and suggest a novel approach for targeting the CSCs in patients with PDAC.
Results

The FOXO3/LKB1 axis plays a central role in the CSC properties of pancreatic cancer cells
cGMP acts as a second messenger for regulating vascular homeostasis and penile erection. Recently, we reported that cGMP exerts a suppressive effect on the CSC properties of PDAC (8) . cGMP induction via Bay 41-2272 treatment significantly suppressed tumor formation and liver metastasis in vivo (8) . In the study, Bay 41-2272 treatment significantly suppressed expression of CD44, the major regulator of CSCs (13) (14) (15) (16) (17) , in three different PDAC cell lines. Interestingly, the inhibitory effect of cGMP on CSC properties was due to the suppression of FOXO3 (8), a well known tumor suppressor involved in the inhibition of growth and apoptosis in cancer cells (18) . We found that FOXO3 was essential for CD44 expression in PDACs (8) ; however, little is known regarding the molecular mechanisms of such suppression.
We focused on LKB1 as a known "tumor suppressor" similar to FOXO3 and one of the targets of FOXO3. Moreover, previous reports have suggested that abnormal mitochondrial activation is observed in CSCs (7, 19) . These results prompted us to evaluate the role of LKB1 as a crucial mediator of mitochondrial activity and the downstream mediator of the FOXO3-dependent mechanisms of CSCs.
We determined the effect of FOXO3 knockdown on the expression level of LKB1 (Fig. 1A) . These data suggest that FOXO3 in PDAC cells primarily regulates the expression of LKB1. Direct binding of FOXO3 to the LKB1 promoter was reported previously (20) . We assessed the effect of FOXO3 knockdown on LKB1 levels at the mRNA level. Our results showed that FOXO3 knockdown suppressed LKB1 at the mRNA level ( Fig. 1B) .
LKB1 was up-regulated in CD44 ϩ cells compared with CD44 Ϫ cells (Fig. 1C ). Our results also revealed that LKB1 expression was increased in spheroid cells compared with adherent cells (Fig. 1D ). We also found that LKB1 knockdown reduces CSC functionality, including spheroid ( Fig. 1 , E and F) and colony formation ( Fig. 1, G and H) .
In addition, we confirmed that cGMP induced the suppression of LKB1 at both the mRNA and protein levels (Fig. 2, A and  B) . To determine the role of LKB1 in pancreatic CSCs, we assessed the effect of LKB1 knockdown on CD44 expression. Our data suggest that silencing LKB1 is sufficient to suppress CD44 expression ( Fig. 2 , C and D). We assessed the effect of LKB1 knockdown on FOXO3 levels. Our results suggested that LKB1 knockdown did not affect FOXO3 levels ( Fig. 2E ). To establish functional links between the components, we constructed and performed knock-in experiments with LKB1 ( Fig.  2F ). Our data showed that ectopic expression of LKB1 rescued inhibition of FOXO3-induced suppression of spheroid formation ( Fig. 2F ). Considering that silencing of FOXO3 down-regulated LKB1 levels ( Fig. 1, A and B) , LKB1 inhibition is sufficient to suppress spheroid formation ( Fig. 1 , E and F), and ectopic expression of LKB1 rescued inhibition of FOXO3-induced suppression on spheroid formation (Fig. 2F ), the FOXO3/LKB1 axis plays a crucial role in CSC properties. We assessed the role of LKB1 in AMPK phosphorylation at Thr-172, identified as the major site phosphorylated by AMPK kinase and which plays a crucial role in its activity. Our results showed that silencing of LKB1 down-regulated the AMPK phosphorylation level at Thr-172 ( Fig. 2G ). Moreover, AMPK inhibitor treatment significantly suppressed CD44 ( Fig. 2H ) and spheroid formation properties ( Fig. 2I ).
PGC1-␤ plays a crucial role in CD44 expression and pancreatic cancer stem cells
A previous study found that MEK1 and PI3K/mTOR inhibition enriched CSC-like cells with high mitochondrial activity (7) ; however, the reason that the inhibition of these kinases enriched cells with high mitochondrial activity remains unclear. Interestingly, PI3K/mTOR is an important negative regulator of FOXO3, and the inhibition of these kinases may have caused an accumulation of FOXO3. To determine the role of FOXO3 in the mitochondrial activity of pancreatic cancer cells, the impact of FOXO3 knockdown on mitochondrial membrane potential was evaluated. FOXO3/LKB1 knockdown significantly reduced mitochondrial activity (Fig. 3, A and B ), suggesting that FOXO3 and LKB1 play an essential role in the mitochondrial activity of PDAC. PGC is the central regulator of mitochondrial activity. Our microarray data (Gene Expression Omnibus accession number GSE66403) revealed that cGMP induction strongly suppressed PGC-1␤, whereas it did not affect PGC-1␣. Our data also demonstrated that LKB1 was indispensable for expression of PGC-1␤, a key regulator of mitochondrial function (Fig. 3C) . A previous study showed that AMPK promotes aberrant PGC-1␤ expression in colon tumor (21) . Consistent with these results, AMPK inhibition suppressed PGC-1␤ expression levels (Fig. 4A ). Our data suggest an LKB1/AMPK/PGC-1␤ axis. Additionally, PGC-1␤ is overexpressed in CD44 ϩ cells derived from PDAC patient tissues ( Fig. 4B ) and PDAC cells ( Fig. 4C ). Moreover, a PGC-1␤ knockdown inhibited CSC properties (Fig. 4 , D and E). To confirm the role of FOXO3 in the expression of PGC-1␤, pancreatic cancer cells were transfected with FOXO3 siRNA. Our data revealed that the down-regulation of FOXO3 was sufficient to suppress PGC-1␤ expression in pancreatic cancer (Fig. 4F ). We evaluated the effect of PGC-1␤ knockdown on FOXO3 and LKB1 levels and found that it did not affect FOXO3 and LKB1 levels ( Fig. 4G ). Consistent with our microarray data (Gene Expression Omnibus accession number GSE66403), our quantitative RT-PCR analysis showed that cGMP induction suppressed the PGC-1␤ expression, whereas the treatment did not suppress PGC-1␣ ( Fig. 4H ). Our Western blot analysis showed that cGMP induction suppressed PGC-1␤ at the protein level ( Fig.   Figure 1 . LKB1 is indispensable for pancreatic cancer stem cells. A, pancreatic cancer cells were transfected with FOXO3 siRNA for 48 h, and LKB1 levels were determined by Western blotting (n ϭ 3). S, scrambled siRNA; F, FOXO3 siRNA. B, Panc-1 cells were transfected with FOXO3 siRNA for 24 h, and STK11 (LKB1) levels were determined by quantitative RT-PCR analysis (n ϭ 3). C, LKB1 expression in Panc-1 cells was compared with that in CD44 ϩ and CD44 Ϫ cells by flow cytometry. D, quantitative RT-PCR showing that mRNA of STK11 (LKB1) was overexpressed in spheroid cells compared with that in adherent cells (n ϭ 3). E and F, pancreatic cancer cells were transfected with LKB1 siRNA, and spheroid formation was assessed (n ϭ 3). G and H, Panc-1 cells were transfected with LKB1 siRNA, and colony formation was assessed (n ϭ 3). Error bar represents S.E. Scr, scrambled. 4I). Our data showed that ectopic expression of PGC-1␤ rescued inhibition of FOXO3 and LKB1-induced suppression of spheroid formation (Fig. 4J) .
Considering that silencing of FOXO3/LKB1 down-regulated PGC-1␤ levels (Figs. 3C and 4F), silencing of PGC-1␤ is sufficient to suppress spheroid formation (Fig. 4E) , and ectopic expression of PGC-1␤ rescued inhibition of FOXO3 and LKB1-induced suppression of the spheroid formation ( Fig. 4J) , the axis plays a crucial role in CSC properties. Taken together, the FOXO3/AMPK/LKB1/PGC-1␤ axis appears to be indispensable for CD44 expression and pancreatic CSC properties. 
Mitochondrial enzyme PDHA1 plays a crucial role in CSC properties
Because FOXO3 knockdown increased the accumulation of lactate (Fig. 5A ), we hypothesized that FOXO3 regulates the tricarboxylic acid cycle and glycolysis in pancreatic CSCs. Pyruvate dehydrogenase (PDH) is the key enzyme connecting glycolysis to the tricarboxylic acid cycle (22) . Moreover, the active site of the PDHA1 subunit contains the E1 active site and plays a central role in the PDH complex. Although PDHA1 is thought to be a housekeeping gene, it was found to be significantly increased in CD44 ϩ cells (Fig. 5B ). Our results also demonstrate that PDHA1 expression was increased in spheroid cells compared with adherent cells (Fig. 5C ). These findings prompted us to evaluate whether PDHA1 expression was regulated via the FOXO3/PGC-1␤ axis. Our data demonstrated that the FOXO3/PGC-1␤ axis was essential for PDHA1 expression in PDAC (Fig. 5, D-F) . To determine the role of PDHA1 in CSC characteristics, we assessed the level of spheroid establishment (Fig. 6, A and B) and colony formation (Fig. 6, C and D) . Collectively, our data suggest that PDHA1 knockdown inhibited the development of CSC properties (Fig. 6, A-D) .
We next assessed the commonality of FOXO3 and PDHA1 knockdown by evaluating the effect of the PDHA1 knockdown on FOXO3-regulated genes. Gene set enrichment analysis revealed that 98 of 128 FOXO3-regulated genes (76.6%) were significantly down-regulated in PDHA1 knockdown cells (Fig.   7, A and B) . We also found that PDHA1 knockdown did not affect FOXO3, LKB1, and PGC-1␤ levels (Fig. 7C ). Importantly, patients who had high PDHA1 expression were associated with a poor prognosis compared with those who exhibited low PDHA1 expression ( Fig. 7D) . Together, the FOXO3/LKB1/ PGC-1␤/PDHA1 pathway might be crucial for CSC function and CD44 expression.
Discussion
Recent studies have suggested that CSCs exhibit drug-resistant phenotypes, and the survival of CSCs is thought to play a crucial role in the recurrence of several types of cancers following chemotherapy (5, 6, 11, 19) . In addition, CSCs are protected by several mechanisms, including enhanced DNA repair capacity and the up-regulation of several multidrug transporters, including P-glycoprotein (also known as MDR-1) and others (10, 19) . Abnormally enhanced antiapoptotic pathways and developmental signaling cascades have also been shown to be involved in the resistant phenotype of CSCs. These findings suggest that the establishment of efficient measures for targeting CSCs is the key for eradication therapy.
Recent studies have identified several targets for targeting CSCs, including the Hedgehog, Wnt/␤-catenin and Notch signaling pathways (10, 11) ; however, these signaling pathways are also important for somatic stem cell maintenance (23) (24) (25) . For instance, in a clinical study using vismodegib (GDC-0449), a small-molecule inhibitor of the Hedgehog pathway, 25% of patients (26 of 104) reported serious adverse events, and 7% of the patients died (7 of 104) due to adverse events (26) . In considering selective toxicity, targeting these pathways that are shared with normal stem cells may cause inevitable severe adverse effects, indicating that a novel approach is in high demand.
cGMP is a well known second messenger involved in vascular homeostasis and penile erection. We previously reported that cGMP drastically suppressed the CSC properties in PDAC through the inhibition of FOXO3 (8) . Surprisingly, the well known tumor suppressor FOXO3 plays an indispensable role in CSC maintenance, although little is known regarding the specific mechanisms of FOXO3 in the maintenance of CSCs.
In this study, we showed that the FOXO3/LKB1/AMPK/ PGC-1␤/PDHA1/CD44 axis plays a central role in promoting the CSC phenotype in PDAC cells. Our data also revealed that the inhibition of the LKB1/AMPK/PGC-1␤/PDHA1 pathway is sufficient to suppress the CSC properties associated with PDAC, including spheroid formation. Consistent with these data, patients with high PDHA1 expression were associated with a poor prognosis. We also confirmed that the LKB1/PGC-1␤/PDHA1/CD44 axis was up-regulated in CD44 ϩ , and spheroid cells were shown to exhibit elevated CSC properties.
Systemic FOXO3 knock-out mice are viable and normal except for an enhancement in the activation of ovarian follicles (12) . Similar to FOXO3 knock-out mice, PGC-1␤ knock-out mice also exhibit no overt phenotype except for circadian activ- . C, control (Cont.); D, dorsomorphin. Lanes were run on the same gel but were noncontiguous (white lines). B, immunofluorescence staining for PGC-1␤ and CD44 on pancreatic cancer patient tissues (magnification, ϫ60). Scale bar, 50 m. Representative data from eight patients are shown. C, PGC-1␤ expression in Panc-1 cells was compared with that in CD44 ϩ and CD44 Ϫ cells by flow cytometry. D, Panc-1 cells were transfected with PGC-1␤ siRNA for 48 h, and a colony assay was performed (n ϭ 3). E, Panc-1 cells were transfected with PGC-1␤ siRNA for 48 h, and a spheroid assay was performed (n ϭ 3). F, pancreatic cancer cells were transfected with FOXO3 siRNA for 48 h. PGC-1␤ expression in Panc-1 cells was determined by Western blotting (n ϭ 3). G, Panc-1 cells were transfected with PGC-1␤ siRNA for 48 h, and expression levels were determined by Western blotting (n ϭ 3). H, Panc-1 cells were treated with Bay 41-2272 (5 M) for the indicated times, and PPARGC1B (PGC-1␤) and PPARGC1A (PGC-1␣) mRNA levels were measured (n ϭ 3). I, Panc-1 cells were treated with Bay 41-2272 for 48 h, and PGC-1␤ expression was examined by Western blotting (n ϭ 3). The same samples are used in Fig. 2B. C, control (Cont.) ; B, Bay 41-2272. J, spheroid assay of FOXO3 siRNA (F), scrambled siRNA (S), LKB1 siRNA (L), and PGC-1␤ expression vector (Vec.) (n ϭ 3). Lanes were run on the same gel but were noncontiguous (white lines). Error bar represents S.E. Scr, scrambled; Rel., relative.
ity, adaption to the cold, and response to a high-fat diet burden (27) . Considering that many mutations in the Hedgehog, Wnt/ ␤-catenin, and Notch signaling pathways are lethal in mice (28, 29) , the FOXO3/PGC-1␤ axis may be a novel target for eradicating pancreatic CSCs.
Several approaches have been established to indirectly or directly up-regulate intracellular cGMP for the treatment of other diseases, including erectile dysfunction, pulmonary hypertension, and cardiovascular disease (30) . In addition, nitrites up-regulate cGMP levels through the release of nitric oxide and result in the activation of soluble guanylyl cyclase (31) . Recently, the NO-independent soluble guanylyl cyclase activator riociguat has been used to treat pulmonary hypertension (32) . Additionally, the pharmacological inhibition of phosphodiesterases, the major negative regulator for cGMP, is also widely used for the treatment of several diseases, such as erectile dysfunction and pulmonary hypertension (33) .
In several types of cancers, including hepatic, colon, pancreatic, and breast cancer, CD44 is a well established CSC marker (13) (14) (15) (16) . Recently, CD44 has been characterized as a master regulator of CSCs, and ectopic CD44 expression endows these cells with the properties of CSCs (13) (14) (15) ; however, no clinically applicable approach has been established to date. Considering our findings, cGMP induction and FOXO3/PGC1-␤ inhibition may be a novel therapeutic strategy for patients with PDAC.
In cancer cells, the widely observed Warburg effect involves fermentation-based glucose metabolism (34) . Conversely, several studies have shown that kinase inhibition, including MEK1 and dual PI3K/mTOR (BEZ235) inhibitors, increased the number of CSC-like cells with enhanced mitochondrial activity (7, 
19)
; however, the reason for such enhanced mitochondrial activity in these surviving cells remains unclear. Although kinases (e.g. Akt, PI3K, mTOR, and Kras) are the preferred molecular targets of therapeutic drugs because they function as strong drivers of cell growth and antiapoptosis signaling, when evaluated from another perspective, these kinases can also function as direct or indirect negative regulators of FOXO3. Thus, the pharmacological inhibition of these kinases may induce unintended FOXO3 accumulation.
Considering its therapeutic index, directly targeting mitochondrial activity may not be practical. Moreover, the abnormal activation of the FOXO3/LKB1/PGC-1␤1/PDHA1 axis may be the molecular basis involved in inducing high mitochondrial activity in pancreatic CSCs. Thus, this may provide an ideal method for the selective targeting of mitochondrial activation in CSCs. Furthermore, our study demonstrated that the knockdown of the mitochondrial enzyme PDHA1 was sufficient to suppress expression of CD44, the master regulator of CSCs. This finding indicates that the fate of cancer cells is largely associated with mitochondrial activity.
Taken together, we have demonstrated that the induction of cGMP and inhibition of FOXO3 suppressed the LKB1/PGC-1␤ pathway and the CSC properties in PDAC. Therefore, these mechanisms may provide a novel therapeutic target for eradicating pancreatic CSCs.
Experimental procedures
Study approval
All human samples in this study were provided after obtaining informed consent from patients in accordance with the Declaration of Helsinki.
Antibodies and reagents
Hoechst33342 (H3570) and Bay 41-2272 (ALX-420-030-M005) were purchased from Invitrogen and Enzo Life Sciences, respectively. A PDH activity kit was obtained from Abcam (ab109902), and the lactate assay kit was from BioVision (K607-100). The cGMP assay kit was provided by Cayman Chemical (581021). The antibodies used for flow cytometry and immunostaining included an APC-labeled anti-CD24 antibody (eBioscience 17-0247), FITC-labeled anti-CD44 antibody (Miltenyi Biotec, 130-095-195), anti-FOXO3 antibody (Abcam, ab109629), anti-CD44 antibody (Abcam, ab51037), anti-LKB1 antibody (Abcam, ab15095), anti-PGC-1␤ antibody (Abcam, ab176328), anti-PDHA1 antibody (Abcam, ab168379), and anti-␤-actin antibody (Sigma-Aldrich, 061M4808). Secondary antibodies were purchased from Invitrogen (Alexa Fluor 488-labeled, A110034 and A11001; Alexa Fluor 555labeled, A21428 and A21422). Antibody validation is available on the manufacturers' websites.
Cell cultures and cell-based assays
The human pancreatic carcinoma cell lines BxPC-3 and MIAPaCa-2 were provided from the Japanese Collection of Research Bioresources Cell Bank. Panc-1 was obtained from the Riken Cell Bank. All cells were cultured in 10% fetal calf serum, RPMI 1640 medium supplemented with antibiotics (penicillin and streptomycin) at 100% humidity, 37°C, and 5% CO 2 . All siRNAs were purchased from Sigma-Aldrich: siScr (SIC-001), siFOXO3 (i) (Hs_FOXO3_9127), siFOXO3 (ii) (Hs_FOXO3_9128), siLKB1 (i) (STK11) (Hs_STK11_ 2687), siLKB1 (ii) (STK11) (Hs_STK11_2689), siPGC-1␤ (PPARGC1B) (Hs_PPARGC1B_2923), siPGC-1␤ (ii) (PPARGC1B) (Hs_PPARGC1B_2924), siPDHA1(i) (Hs_ PDHA1_2458), and siPDHA1 (ii) (Hs_PDHA1_2242). For RNAi transfection, Lipofectamine TM RNAiMAX transfection reagent (Life Technology) and siRNA were used. Following a 48-h transfection period, the cells were harvested. For the spheroid assay, PDAC cells were seeded into RPMI 1640 medium supplemented with B27 (1:50 dilution; Invit- rogen), basic FGF (10 ng/ml; BD Biosciences), EGF (BD Biosciences; 20 ng/ml) at a density of 1 ϫ 10 3 cells/well and incubated for 21 days in 24-well plates for the spheroid assay (Corning Ultra-Low Attachment Surface, 3473). To evaluate the effect on holoclones, the cells were seeded into RPMI 1640 medium supplemented with 1% FCS at a density of 1 ϫ 10 3 cells/5 ml/dish and cultured for 21 days.
Flow cytometry analysis and immunostaining assay
The cells were harvested using Accumax purchased from Innovative Cell Technologies Inc. The cells were blocked with 2.5% BSA,TTBS for 30 min and treated with the following antibodies: FITC-anti-CD44 (1:50 dilution), APC-CD24 (1:50 dilution), and LKB1 (1:300 dilution) for 1 h on ice followed by washing with 2.5% BSA, TTBS. The mitochondrial potential was measured using the Mitochondrial Membrane Potential Assay kit (Cayman Chemical, 10009172) used according to the data sheet specifications. Sections of the patient samples were retrieved under 100°C in citrate buffer (10 mM, pH 6.0) in an oven and blocked using 2.5% BSA, TTBS. After the blocking step, the slides were incubated with the primary antibody for 7 h at 4°C. The LKB1, PGC-1␤, and PDHA1 antibodies were used at a 1:300 dilution. The anti-CD44 antibody was used at a dilution of 1:50, detected using a secondary antibody (1:100 dilution; 1 h at 4°C), and stained with Hoechst 33342.
Western blotting and immunofluorescence
The cells were lysed in the above mentioned lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 50 mM NaF, 30 mM Na 4 P 2 O 7 , 1 mM phenylmethanesulfonyl fluoride, 2 mg/ml aprotinin, and 1 mM pervanadate. Western blotting was performed as described previously (8) .
Quantitative real-time analysis and microarray analysis
The sequences of the PCR primers used are as follows: PGC-1␤, 5Ј-CTGCTTGGATTTCCAAATGGTTTC-3Ј (sense) and 5Ј-CAGATGCTCCAAGCCAATGCTA-3Ј (antisense); ␤-actin, 5Ј-CATCCGTA AAGACCTCTATGCCAA-3Ј (sense) and 5Ј-ATGGAGCCACCGATCCACA-3Ј (antisense); STK11, 5Ј- A and B , the effect of a PDHA1 knockdown on FOXO3-regulated genes was evaluated by gene set enrichment analysis. C, pancreatic cancer cells (Panc-1) were transfected with PDHA1 siRNA for 48 h and examined by Western blotting (n ϭ 3). S, scrambled siRNA; P, PDHA1 siRNA. D, the impact of PDHA1 expression on the prognosis of patients with PDAC is shown. The difference in the overall survival was analyzed using the Kaplan-Meier survival model with a log-rank test. E, a novel pathway that impairs pancreatic carcinoma stem cancer cells is shown. Error bar represents S.E. Scr, scrambled.
